Abstract: Bioresources are used in different production systems as materials as well as energy carriers. The same is true for fossil fuel resources. This study explored whether preferential resource usages exist, using a building insulation system as an example, with regard to the following sustainability criteria: climate impact, land, and fossil fuel demand. We considered the complete life cycle in a life cycle assessment-based approach. The criteria were compared for two strategies: one used natural fibers as material and generated production energies from fossil fuels; the other generated production energies from bioenergy carriers and transformed fossil resources into the insulation material. Both strategies finally yielded the same insulation effect. Hence, the energy demand for heating the building was ignored. None of the strategies operated best in all three criteria: While cropland demand was lower in the bioenergy than in the biomaterial system, its fossil fuel demand was higher. Net contribution to climate change was in the same range for both strategies if we considered no indirect changes in land use. Provided that effective recycling concepts for fossil-derived insulations are in place, using bioresources for energy generation was identified as a promising way to mitigate climate change along with efficient resource use.
Introduction

Need for Resource Usage Strategies
Bioresources are increasingly substituted for limited fossil resources, such as crude oil or natural gas, for energy generation as well as for the provision of industrial raw materials such as plastics [1] or industrial fiber [2] . One of the main drivers for this substitution-besides limited availability and the resulting need for sustainable depletion-is the climate impact of their use. However, fossil resources are still essential as raw materials in the chemical industry, even though globally only 10% of them are used as such [3] . To meet growing bioresource demand, cropland is required which is also a limited resource [4] . Land under crop cultivation was explicitly termed a planetary boundary that needs careful management [5] . Therefore, the trade-offs of different usage strategies for these limited resources should be carefully assessed [6] .
LCA is a method to describe the environmental impacts of products or services, taking their whole life cycle into account. The impacts are expressed for an equivalent functional unit (FU) so that systems perform equally. Methodological LCA standards exist [16, 17] . Social and economic sustainability are not yet fully implemented in the methodology (social Life Cycle Assessment, SLCA; Life Cycle Costing, LCC) [18, 19] . One important methodological choice is how to deal with the multi-functionality of systems. This analysis followed a substitution approach to account for co-product generation of the two resource usage strategies (Scheme 1). This can be regarded as a variant of system expansion [20] (pp. [77] [78] [79] . No explicit economic models were used to investigate market effects in the two bioresource strategies, but we contacted experts for their opinion on the substitution options. The limitations of this approach, such as an inherent uncertainty of effects of changes and a risk of unfair results, were discussed in Ekvall et al. [21] , and with a focus on bio-based materials in Pawelzik et al. [22] . Scheme 1. Two options to make the multi-product systems comparable by system expansion. This study followed the upper approach, i.e., subtracting of alternative co-products (graph adapted from ILCD Handbook [20] ).
System Boundaries
Two complex systems were modeled to represent the two resource usage and mitigation strategies using building insulation (Scheme 2). They included the complete life cycle of building insulation from raw material extraction through insulation production to their end of life. The time at the building ("usage phase") was excluded from this analysis due to the following reasons: (i) The construction characteristics of the insulation materials are the same; (ii) the period during which they are attached to a building can be assumed to be 40 to 50 years for both [23] . During this period, they provided the same insulation effect, which can be represented by specific heat transfer coefficients (see also definition of functional unit in Section 2.1.3). We assumed that detached insulation materials at their end of life would be co-incinerated instead of re-used, as re-use has not yet been widely adopted due to time-consuming, costly processes.
For our biomaterial strategy, we chose to represent it with a system that used the bioresource fiber hemp (Cannabis sativa L.) as a material for the insulation. Hemp-based materials for building applications have increasingly raised interest, as suggested by a growing number of publications [24] . Oil-and gas-fired co-generation plants provided the fossil energy. This choice of energy technology made it comparable: It arose from the type of fossil fuel resources, which were processed for the synthetic insulation in the alternative system. Hemp seeds, shives, and excess heat arose as Scheme 1. Two options to make the multi-product systems comparable by system expansion. This study followed the upper approach, i.e., subtracting of alternative co-products (graph adapted from ILCD Handbook [20] ).
Two complex systems were modeled to represent the two resource usage and mitigation strategies using building insulation (Scheme 2). They included the complete life cycle of building insulation from raw material extraction through insulation production to their end of life. The time at the building ("usage phase") was excluded from this analysis due to the following reasons: (i) The construction characteristics of the insulation materials are the same; (ii) the period during which they are attached to a building can be assumed to be 40 to 50 years for both [23] . During this period, they provided the same insulation effect, which can be represented by specific heat transfer coefficients (see also definition of functional unit in Section 2.1.3). We assumed that detached insulation materials at their end of life would be co-incinerated instead of re-used, as re-use has not yet been widely adopted due to time-consuming, costly processes. Scheme 2. Two strategies to achieve lower GHG emissions by combined use of cropland and fossil resources: cropland for material production (fibers; biomaterial strategy; left) or for bioenergy (short rotation coppice, maize; bioenergy strategy; right), and fossil fuels for energy generation or for material production (synthetic foam) using the example of two building insulations either made of hemp fiber (Cannabis sativa L.) or of expanded polystyrene. Co-products are indicated by oval frames.
In our bioenergy strategy, the synthetic insulation material EPS was produced from the fossil resources crude oil and natural gas. The cropland provided bioenergy feedstock as bioresources: either wood chips from poplar (Populus spp.) in short-rotation coppice (SRC), which could be gasified (bioenergy option SRC), or silage from maize (Zea mays L.), which could be digested to biogas (bioenergy option maize). These bioenergy technologies represent two common pathways [25] (p. 5). Excess electricity and-if maize silage is used as feedstock-biogas digestate arose as co-products in the bioenergy strategy.
Functional Unit
We defined the FU as one square meter of insulation material (A = 1 m 2 ) with the specific heat transfer coefficient U = 0.2 W·m −2 ·K −1 [26] . We assumed that the insulation materials are installed on an existing building wall and covered by plaster. Accordingly, inner and outer thermal resistances are equal for both materials. As a consequence, using the Equation (1):
where L is the insulation layer thickness (m) and λ is the material-specific thermal conductivity (W·m −1 ·K −1 ), and also using the Equation (2):
where ρ is the raw density (kg·m −3 ), the necessary mass m (kg) of each square meter of functionally equivalent insulation material was derived. This approach is equivalent to the one used by Schmidt Scheme 2. Two strategies to achieve lower GHG emissions by combined use of cropland and fossil resources: cropland for material production (fibers; biomaterial strategy; left) or for bioenergy (short rotation coppice, maize; bioenergy strategy; right), and fossil fuels for energy generation or for material production (synthetic foam) using the example of two building insulations either made of hemp fiber (Cannabis sativa L.) or of expanded polystyrene. Co-products are indicated by oval frames.
For our biomaterial strategy, we chose to represent it with a system that used the bioresource fiber hemp (Cannabis sativa L.) as a material for the insulation. Hemp-based materials for building applications have increasingly raised interest, as suggested by a growing number of publications [24] . Oil-and gas-fired co-generation plants provided the fossil energy. This choice of energy technology made it comparable: It arose from the type of fossil fuel resources, which were processed for the synthetic insulation in the alternative system. Hemp seeds, shives, and excess heat arose as co-products.
We defined the FU as one square meter of insulation material (A = 1 m 2 ) with the specific heat transfer coefficient U = 0.2 W¨m´2¨K´1 [26] . We assumed that the insulation materials are installed on an existing building wall and covered by plaster. Accordingly, inner and outer thermal resistances are equal for both materials. As a consequence, using the Equation (1):
where L is the insulation layer thickness (m) and λ is the material-specific thermal conductivity (W¨m´1¨K´1), and also using the Equation (2):
where ρ is the raw density (kg¨m´3), the necessary mass m (kg) of each square meter of functionally equivalent insulation material was derived. This approach is equivalent to the one used by Schmidt et al. [27] . This FU choice allows us to cope with the multi-functionality of the systems and allows us to compare bio-and fossil-based products. By relating the systems to the same output, the criteria become comparable for the two resource usage strategies.
Criteria for Assessment
For the FU, we calculated the environmental impacts of both strategies over the complete life cycles of the insulations. We used the two resource-use criteria cropland and fossil fuel demand, which are life cycle inventory indicators, and the emission-based criterion GHG emissions, which is a life cycle impact assessment indicator. We did not further weight or aggregate the three criteria, like how it is done in multi-criteria approaches, such as for example [28] . Instead, we treated them as equally important.
We calculated the direct cropland demand to grow the biomass as well as the cropland required within background processes as m 2¨F U´1. The data was taken from ecoinvent and others (see Tables 1-4 ) from the land use category "arable land" (CORINE definition level 21, [29] ).
We aggregated the fossil fuel demand to MJ per FU for both strategies using lower heating values (crude oil: 43.2 MJ¨kg´1, natural gas: 47.3 MJ¨kg´1) [30, 31] . We took the data for crude oil and natural gas demands from life cycle inventories in the respective datasets (Tables 1-4 ). This choice of fossil fuels resources came from the composition of the fossil-based insulation (see Section 2.3.1).
Finally, we aggregated GHG emissions contributing to climate change, such as carbon dioxide (CO 2 ), methane and nitrous oxide, to CO 2 equivalents per FU (kg CO 2e¨F U´1). We used characterization factors for a time horizon of 100 years from IPCC (CO 2 : 1, methane: 25, nitrous oxide: 298) [32] .
Biomaterial Strategy
European Hemp Market Conditions
Hemp (Cannabis sativa L.) has been used in Europe as an industrial crop for many years. The majority was cultivated in France in stable amounts (EU-27: 10,600 ha in 2010) [33, 34] . For the time being, no large-scale structural effects on the hemp market were expected, which is a postulate for using the substitution approach for co-product accounting in LCA: Enough production capacities for hemp processing exist to meet a growing demand [33] . Furthermore, markets already exist for the co-products hemp seed as birdfeed and shives as animal bedding, as well as the respective alternative products in these sectors. Co-product hemp seeds % w/w of total yield 10 [36] Co-product hemp shives % w/w of straw yield 57 [33] Tractor employment (all necessary activities) h¨ha´1 6 [37] Emissions from and resource demand of the production of Polyester fiber | Sodium hydroxide 
Hemp Cultivation and Processing to Insulation
In the biomaterial strategy, we considered the supply chain from the cultivation of hemp, to the provision of fossil fuels, to transport processes up to the provision of heat and electricity, and finally to the end-of-life stage. We took the data for fiber hemp cultivation representing European conditions from [35] , and others (Table 1) .
After harvesting, the hemp bales were processed to long fibers and co-products. The long fibers were finally bonded to insulation mats, consisting of a mixture of hemp (83%) and polyester fibers (12%), and were impregnated with sodium hydroxide (5%) as a flame retardant [36] . We assumed that the necessary electricity for insulation processing was generated from fossil fuels in an oil-fired and a gas-fired cogeneration plant. We used product-specific data for a hemp mat, for which a CO 2 balance study was available [36] .
Following Equations (1) and (2), 1 m 2 of the insulation material hemp mat with U = 0.2 W¨m´2¨K´1 and a thermal conductivity λ = 0.04 W¨m´1¨K´1 weighed 6 kg and had a layer thickness of L = 0.20 m.
Land Use Change Effects
Land use change (LUC) effects can be crucial for the climate change impacts of bioresources, such as bioenergy crops [39] or bioplastics [40] . LUC can also affect biodiversity or have other environmental impacts [41] . However, the latter were out of the scope of this study.
We did not expect direct LUC (dLUC) for hemp cultivation: Management practices are similar to other annual crops. Accordingly, relevant changes in carbon stocks in above-and/or below-ground biomass as well as in soil-bound carbon are unlikely [42] .
Hemp competes with cash crops like cereals, oleiferous plants, or bioenergy crops for agricultural land. It is usually considered to be a crop with positive effects within rotation systems, i.e., subsequent crops need no or less herbicides, whereas hemp itself needs none. Thus, unproductive sites can be used [35] . Provided that fiber demand grows (e.g., due to additional insulating efforts for buildings), we presumed that hemp would be integrated into existing crop rotation systems. For the calculation of indirect land use change (iLUC) effects on GHG emissions resulting from land demand for crops, global iLUC factors were published, for example 1.43 Mg CO 2e¨h a´1 [43] or 5 Mg CO 2e¨h a´1 [44] . As a conservative value, we applied the former factor to the gross value of land cultivated with hemp in a separate examination. We did not assign such factors to the system analyses in general because such iLUC is still marked by high uncertainties [45] [46] [47] . Table 3 . Characteristics of bioenergy co-generation (heat and electricity) from poplar short rotation coppice (Populus spp.) via gasification (option SRC) [50, 51] , and from maize silage (biogas; Zea mays L.) (option maize) [52] , both for German technology and production characteristics. 
Co-generation Characteristics
Co-Products
Hemp cultivation yields seeds and shives as market-relevant co-products. Hemp seeds are mainly used for animal feed (70%), especially in birdseed (4000 metric tons in 2010 in Europe) [33] . Sunflower (Helianthus annuus L.) seeds could be their alternative in feed compositions, even though they do not match hemp seed's nutrient composition completely [48] . We assumed integrated Swiss farming systems as sunflower producers with yield levels around 3 Mg¨ha´1 [49] . Hemp shives are mainly used for animal bedding [33] , where alternatively wheat (Triticum aestivum L.) straw can be used. The third co-product was excess heat from the electricity co-generation process. Following the substitution approach, we determined credits for avoided GHG, energy and cropland demand according to those emissions and demands which would result from the alternative products and processes (Table 2) .
For the end-of-life stage, we derived fossil fuel and GHG emission credits from environmental product declarations: For the co-incineration of detached insulations, the reference states a credit of non-renewable primary energy of 23.7 MJ¨kg´1 insulation, of which 80% are from natural gas and 1% is from crude oil [11] . This source calculated the values based on the assumption that the German electricity supply mix and a heat generation from natural gas are displaced by the co-incinerated insulations. The resulting total fossil fuel credit was 19.2 MJ primary energy per kilogram of insulation.
BBSR datasets already offset the CO 2 credits for biogenic carbon in hemp against the GHG emissions during waste incineration. Hence, the datasets display only aggregated GHG emissions for the end-of-life stage of hemp and EPS insulations, and we could not display disaggregated biogenic CO 2e credits.
Bioenergy Strategy
EPS Production and Processing to Insulation
In the bioenergy strategy, we considered the supply chain from the cultivation of the bioenergy crops (optional SRC, or maize), to the provision of fossil fuels, to transport processes, up to the provision of heat and electricity, and finally to the end-of-life stage.
EPS insulations are made from polystyrene granulate, which can be produced from the fossil resources crude oil and natural gas via several pathways. Here, an oil to gas ratio of approx. one to one was assumed [49] (#1835). In the basic variant, the EPS had a 45% share of recycled material (EPS45). The heat demand of the EPS production process was met by either the gasification of poplar wood chips or by burning biogas from digested maize silage (Table 3) . We scaled both co-generation processes to supply the heat demand of the EPS production process. The co-generated electricity is not entirely needed for the insulation production process itself (see also Section 2.3.3).
Disposed insulations can be co-fired in waste incineration plants. Our reference states a credit of non-renewable primary energy of 30.2 MJ¨kg´1 insulation, of which 77% is from natural gas and 1% is from crude oil [11] . The source calculated the latter values while assuming a German electricity supply mix and heat generation from natural gas as displaced processes. This corresponded to a total credit of primary energy of 23.56 MJ¨kg´1 EPS. GHG emissions from co-incineration were presented with 1.2 kg CO 2e¨k g´1.
Following Equations (1) and (2), 1 m 2 of the insulation material EPS with U = 0.2 W¨m´2¨K´1 and a thermal conductivity λ = 0.036 W¨m´1¨K´1 weighed 5 kg and had a layer thickness of L = 0.18 m.
Potential Land Use Change Effects
The establishment of perennial bioenergy crops like SRC can result in recognizable, positive changes in carbon stocks as a direct LUC effect [53] . However, here we assigned no credits for a potential increase in soil organic carbon to the bioenergy strategy. The uncertainty of the amount of carbon sequestration remains still high: Long-term SOC data are missing for sites where SRC plantations were grubbed and re-grown with other crops [54] . We neglected indirect LUC effects of poplar cultivation in Germany [47] because we assumed that SRC replaces low yielding rye cultivation [50] . In an additional examination, we assigned a global iLUC factor [43] to gross SRC cultivation acreage.
LUC effects of maize cultivation as an annual energy crop can be important: In Europe, if maize is cultivated on previous grassland, GHG emissions of 2.6 Mg CO 2e¨h a´1¨year´1 are possible [55] . We considered such potential emissions in a scenario analysis (see details for EPS45_LUC below). We generally did not consider indirect effects for maize [47] , but again we addressed them with a separate iLUC examination for the gross value of agricultural land planted with maize [43] .
Co-Products
In the bioenergy strategy, the excess electricity from the co-generation processes for the heat-driven EPS production process was a market-relevant co-product. Accordingly, we credited this strategy with avoiding emissions and resource demand from substituted oil-and gas-fired power plants (Table 4) . We made this choice of fuels to maintain comparability to the fossil resources for material use. For the time being, we do not expect any large-scale structural effects on the electricity market from the additional electricity feed-in.
Biogas production from maize silage generates the additional co-product digestate. This digestate can be used as a mineral fertilizer substitute in agriculture [56] . The nutrient availability from organic residues can vary very widely between 6%-80% [57] . We assumed here that the substitution effect of the digestate was approximately 30% according to [56] . This is similar to other plant-based organic residues in [57] . We took the data for avoided emissions and resource demand from substituted fertilizers from ecoinvent [49] . 
Scenario Analyses
For both strategies, we had to make numerous assumptions, for example regarding parameter values or, among others, inclusion/exclusion of processes. We defined the most plausible scenarios to assess the influence of model assumptions and data sources on the strategy comparison (Table 5 ).
In the biomaterial strategy, we varied the share of hemp fibers in the insulation material and the production system of sunflower seed. Different mixtures of hemp insulations are available on the market. Therefore, in addition to the basic variant with 83% hemp fibers and 12% polyester fibers (Hemp83), we introduced a variant that was made from pure hemp fibers (Hemp95). Both variants were impregnated with sodium hydroxide (5%) as a flame retardant. For the variant Hemp83_Sunfl, we assumed a different production characteristic for the co-product sunflower seeds when substituting hemp seeds. As several regions could supply sunflower seeds [34] , we chose conventionally produced sunflower seeds from Spain instead of seeds from Swiss integrated production. The main difference between regions is their yield and input level, which results in land demand that is three times higher in Spain than in Switzerland.
In the bioenergy strategy, we varied the share of recycled EPS in the insulation material and the LUC from grassland to maize was included. Synthetic insulation materials may contain different shares of recycled materials. In the basic bioenergy variant EPS45, the insulation had a 45% share of recycled EPS [49] (#11792), whereas in variant EPS100 it was produced entirely from recycled EPS [49] (#11791). The production process of EPS100 had more than twice the electricity demand compared to EPS45. However, the reduction in virgin EPS demand more than compensated for this by reduced CO 2e emissions in the EPS pre-chain from 2.6 to 0.6 kg CO 2e¨k g´1 EPS [49, 58] .
Maize as an energy crop is discussed as a relevant driver of grassland to cropland conversion in Europe. It was identified with 50% as the dominant land use after grassland conversion in a GIS analysis of four German federal states [59] . Its cultivation in Germany increased to 800,000 ha between 2003 and 2012, whereas grassland decreased by 250,000 ha [60] . Therefore, we assumed that 16% of maize was cultivated on former grassland, and that associated GHG emissions were 0.277 kg CO 2e¨k Wh th [52] . We considered such LUC emissions in variant EPS45_LUC. 
Results and Discussion
Comparison of Strategies and Scenario Analyses
Cropland Demand
We found that cropland demand was lower in both of the basic bioenergy strategy options than in the basic biomaterial strategy (Table 6, Figure 1 ). Within the bioenergy options, the short rotation coppice needed less cropland than maize silage.
for land demanded for respective biomass cultivation. Figure 1 . Resource demand-Cropland-from system processes in the biomaterial and bioenergy strategies as well as credits from co-products; numbers indicate net result for each strategy and its variants from scenario analyses (see descriptions in Table 5 ).
We only obtained significant land credits for avoided cultivation of sunflower seeds, which we substituted for the co-product hemp seed in the biomaterial strategy. Our substitution choice had a relevant influence on the outcome of the strategy analysis: If we selected a less productive system as a reference (Hemp83_Sunfl), the calculated net land demand for producing a hemp mat as insulation material could even be negative (−0.52 m 2 ·FU −1 ). Mean European yield levels for sunflower in 2014 were 1.44 Mg·ha −1 [61] . Hence, the Swiss seeds that we assumed here in the basic variant represented a very productive sunflower system with its yields of 3.15 Mg·ha −1 , whereas the Spanish seeds Figure 1 . Resource demand-Cropland-from system processes in the biomaterial and bioenergy strategies as well as credits from co-products; numbers indicate net result for each strategy and its variants from scenario analyses (see descriptions in Table 5 ).
As we expected, the agricultural production processes that provided the bioresources fibers or bioenergy crops dominated this criterion (Figure 1 ). For an equal insulation effect, we found that the biomaterial strategy needed three times more land than the maize bioenergy option or approximately thirty times more than the SRC bioenergy option. The gross land demand in the biomaterial strategy was 31.84 m 2¨F U´1, with an additional 4.60 m 2¨F U´1 being necessary if the insulation material was produced from pure hemp (variant Hemp95).
We only obtained significant land credits for avoided cultivation of sunflower seeds, which we substituted for the co-product hemp seed in the biomaterial strategy. Our substitution choice had a relevant influence on the outcome of the strategy analysis: If we selected a less productive system as a reference (Hemp83_Sunfl), the calculated net land demand for producing a hemp mat as insulation material could even be negative (´0.52 m 2¨F U´1). Mean European yield levels for sunflower in 2014 were 1.44 Mg¨ha´1 [61] . Hence, the Swiss seeds that we assumed here in the basic variant represented a very productive sunflower system with its yields of 3.15 Mg¨ha´1, whereas the Spanish seeds represented the least productive ones (1.03 Mg¨ha´1). The basic variant Hemp83 could accordingly be seen as a worst-case scenario and the biomaterial strategy becomes the preferable one with the caveat that superseded sunflower systems have low yield levels. Table 6 . Net results and deviations (absolute and relative) for the three criteria cropland use, fossil fuel demand and GHG emissions of the two strategies (basic assumptions in bold) and their variants in the scenario analyses: Hemp95-pure hemp fiber insulation; Hemp83_Sunfl-credited process with lower sunflower yield level; EPS100-pure EPS recyclate; EPS45_LUC-biogas from maize, partly grown on previous grassland. Values in parentheses have a global iLUC factor [43] assigned for land demanded for respective biomass cultivation. However, negative results must be interpreted with care. An oft-used interpretation for negative criteria values resulting from the substitutional approach is that the respective resource, in this case the cropland, is set free ("The overall impact of the system is more than compensated by the avoided impact the co-functions have elsewhere" [20] (p. 78)). In this study, the characteristics of the "set free" land, for example its soil fertility and climatic region and its respective farming specifications, are suitable for low-yielding sunflower cultivation. However, in general, it is not possible to infer its suitability for other agricultural purposes.
Cropland
In the bioenergy strategy, we obtained hardly any cropland credits for excess electricity. We found that the variation in material characteristics, i.e., the share of recyclate, did not influence the cropland demand because the same amount of energy crops was needed, as the production of both virgin and recycled EPS insulations needed the same amount of thermal energy. Even though the electricity demand of EPS100 production is higher than that of EPS45 (2.4), the total amount of the by-product "co-generated electricity" still exceeded this demand. Accordingly, no additional cropland was needed for energy generation.
Fossil Fuels Demand
With regard to fossil fuel resource demand, the biomaterial strategy seemed to us to be preferable to the bioenergy strategy (Table 6, Figure 2 ). represented the least productive ones (1.03 Mg·ha −1 ). The basic variant Hemp83 could accordingly be seen as a worst-case scenario and the biomaterial strategy becomes the preferable one with the caveat that superseded sunflower systems have low yield levels. However, negative results must be interpreted with care. An oft-used interpretation for negative criteria values resulting from the substitutional approach is that the respective resource, in this case the cropland, is set free ("The overall impact of the system is more than compensated by the avoided impact the co-functions have elsewhere" [20] , (p. 78). In this study, the characteristics of the "set free" land, for example its soil fertility and climatic region and its respective farming specifications, are suitable for low-yielding sunflower cultivation. However, in general, it is not possible to infer its suitability for other agricultural purposes.
In the bioenergy strategy, we obtained hardly any cropland credits for excess electricity. We found that the variation in material characteristics, i.e., the share of recyclate, did not influence the cropland demand because the same amount of energy crops was needed, as the production of both virgin and recycled EPS insulations needed the same amount of thermal energy. Even though the electricity demand of EPS100 production is higher than that of EPS45 (0), the total amount of the by-product "co-generated electricity" still exceeded this demand. Accordingly, no additional cropland was needed for energy generation.
With regard to fossil fuel resource demand, the biomaterial strategy seemed to us to be preferable to the bioenergy strategy (Table 6, Figure 2 ). Resource demand-Fossil fuels (crude oil, natural gas)-from system processes in the biomaterial and bioenergy strategies as well as credits from co-products; numbers indicate net result for each strategy and its variants from scenario analyses (see descriptions in Table 5 ).
The insulation production process dominated the fossil fuel demand in both of our strategies, with demands ranging between 66.07 and 232.35 MJ·FU −1 , except for the bioenergy variant with pure recycling material (EPS100; 1.11 MJ·FU −1 ).
The end-of-life phase obtained relevant credits due to co-incineration in both of our strategies. In the bioenergy strategy, we substituted excess electricity for fossil resource-intense processes; this Resource demand-Fossil fuels (crude oil, natural gas)-from system processes in the biomaterial and bioenergy strategies as well as credits from co-products; numbers indicate net result for each strategy and its variants from scenario analyses (see descriptions in Table 5 ).
The insulation production process dominated the fossil fuel demand in both of our strategies, with demands ranging between 66.07 and 232.35 MJ¨FU´1, except for the bioenergy variant with pure recycling material (EPS100; 1.11 MJ¨FU´1).
The end-of-life phase obtained relevant credits due to co-incineration in both of our strategies. In the bioenergy strategy, we substituted excess electricity for fossil resource-intense processes; this contributed as many credits as the end-of-life stage. We found that the substitution of mineral fertilizers by the co-product digestate had only a marginal effect, with 3% of total fossil fuels credits. In the biomaterial strategy, we found that the co-generated heat provided relevant credits, whereas the other co-products seed and shives added only minor ones. As with the cropland demand, our substitutional LCA approach resulted in a negative net fossil fuel demand in some variants.
Our basic biomaterial strategy needed nearly 30% of the net amount of fossil fuels compared to maize or 40% compared to SRC bioenergy. From the ecoinvent data for pure recyclate (EPS100), we determined considerable negative net fuel demands of approximately´200 MJ¨FU´1 for the bioenergy strategy (´201.86 MJ¨FU´1 for SRC,´195.45 MJ¨FU´1 for maize). Using that data set would change the rating of the strategies and would make the bioenergy strategy preferable. The reason was how recycling material was defined in these datasets: Still-unused insulations that are collected from municipalities and builder's merchants, consisting of clean, sorted offcuts, were re-processed to a so-called 100% recycling material. The previous resource demand from original material production was not considered. The dataset implied recycling, even though the first life cycle was not completely closed, as this material was not attached to a building as insulation. Furthermore, assuming best practice on the construction sites, only a small fraction of such virgin-like EPS would be available for the transformation into the recycling material. We think this balancing approach is debatable. Currently, we believe that recovery of EPS from dismantled insulation material after its service life is far from a practical implementation due to contaminants and adhesives, and hence we chose co-incineration as the end-of-life option.
Under the assumption that such a recycling becomes possible in the future, we believe that the fuel demand for the recyclate share must be accounted for as well. We estimated the fuel demand for a pure virgin material (EPS0) from the EPS45 dataset for the bioenergy SRC option by allocating its entire energy demand of the production process to the 55% share of virgin EPS (232.35/0.55) ( Table A1 ). The resulting increased net fossil fuel demand of 209 MJ¨FU´1 indicates the importance of recycling for this strategy. Its net fossil fuel demand is one order higher than that of the biomaterial strategy, no matter if recycling is considered there. The bioenergy variant EPS100 yielded net negative fossil fuel demands of´2.5 MJ¨FU´1 from the second use cycle onwards. For the same benefit after three use cycles, we found that a minimum of 75% recyclate would be necessary (Table A1) .
For bioresource-based insulations in the biomaterial strategy, explicit data on hemp recycling are scarcely available and thus, we did not assess recycling here.
From fossil fuel demand, we conclude that recycling concepts for materials are far more important in terms of fossil resource conservation than the choice between fossil or biogenic resources as raw materials. A comparable conclusion was reached by Colwill et al. [62] , who claimed an efficient material use through effective end-of-life management and good design.
Contribution to Climate Change
We found that the net contribution to climate change was in the same range for the biomaterial and the SRC bioenergy strategy, whereas the bioenergy option from maize (EPS45_maize) emitted more GHG (Table 6, Figure 3 ). An increase in the amount of recyclate in the EPS insulation (EPS100) reduced emissions in a way that the bioenergy strategy would be favorable instead. Accounting for iLUC effects increased the difference between the strategies in the same way (Table 6 ).
In both of our strategies, the insulation processing contributed the most to climate change. In the biomaterial strategy, hemp cultivation contributed the second-most GHG emissions, whereas in the bioenergy strategy the emissions from the end-of-life incineration of detached insulation had the second highest share. We found that such end-of-life emissions were of lesser importance in the biomaterial strategy (2.38 kg CO 2e¨F U´1), because mostly biogenic carbon was re-emitted.
We found that the use of the co-product digestate in the bioenergy maize option contributed 10% of the GHG credits. The co-product excess electricity in the bioenergy strategy substituted electricity from carbon-intensive electricity production from fossil fuels, thus yielding far more credits.
GHG emissions from the biomaterial strategy is the substitution of polyester fibers with fibers from maize starch. Such pre-existing technologies were analyzed in a CO2 balance for two hemp insulation materials [36] . Nevertheless, we found that pure hemp insulation without any additional fiber materials would still have a lower GHG impact. GHG emissions from system processes in the biomaterial and bioenergy strategies as well as credits from co-products; numbers indicate net result for each strategy and its variants from scenario analyses (see descriptions in Table 5 ).
The bioenergy EPS100 variants had a generally low climate change contribution (≤3.02 kg CO2e·FU −1 ).
If we included the emissions from direct land use change in the bioenergy strategy (EPS45_LUC), the net contribution to climate change amounted to 12.5 kg CO2e·FU −1 , which was only 2% higher than that of the basic EPS45. When we accounted for indirect LUC effects on GHG emissions by a global emission factor, which is applicable to the land demand for the respective agricultural commodities hemp, SRC, or maize, this increased the difference between both strategies. The biomaterial strategy then had nearly 50% (compared to SRC) or 15% (compared to maize) higher emissions than the bioenergy strategy (Table 6) . When we applied a recently published, less conservative global iLUC factor [44] , this even resulted in 165% or 70% higher emissions.
Discussion of Market Implications and Reference Systems
It is still unclear whether high recycling quotas for insulations are achievable on a larger scale. The available data in this study for the product from recycled EPS stemmed from a single company acting in a limited region, so this variant could be interpreted as a best case scenario. Furthermore, we are not aware of technologies that would make it possible to detach old EPS insulation from buildings economically. More information on several end-of-life options is necessary to identify the best choice for the end of life of building materials [63] , which was not available to us. Comprehensive information becomes even more important if additional environmental impacts like acidification or eutrophication are to be assessed for such bio-based materials [64] . GHG emissions from system processes in the biomaterial and bioenergy strategies as well as credits from co-products; numbers indicate net result for each strategy and its variants from scenario analyses (see descriptions in Table 5 ).
By changing the material composition by an increase in the hemp fiber share in the biomaterial strategy (Hemp95), we would notably reduce GHG emissions by 26%. Another option to reduce the GHG emissions from the biomaterial strategy is the substitution of polyester fibers with fibers from maize starch. Such pre-existing technologies were analyzed in a CO 2 balance for two hemp insulation materials [36] . Nevertheless, we found that pure hemp insulation without any additional fiber materials would still have a lower GHG impact.
The bioenergy EPS100 variants had a generally low climate change contribution (ď3.02 kg CO 2e¨F U´1). If we included the emissions from direct land use change in the bioenergy strategy (EPS45_LUC), the net contribution to climate change amounted to 12.5 kg CO 2e¨F U´1, which was only 2% higher than that of the basic EPS45. When we accounted for indirect LUC effects on GHG emissions by a global emission factor, which is applicable to the land demand for the respective agricultural commodities hemp, SRC, or maize, this increased the difference between both strategies. The biomaterial strategy then had nearly 50% (compared to SRC) or 15% (compared to maize) higher emissions than the bioenergy strategy (Table 6) . When we applied a recently published, less conservative global iLUC factor [44] , this even resulted in 165% or 70% higher emissions.
It is still unclear whether high recycling quotas for insulations are achievable on a larger scale. The available data in this study for the product from recycled EPS stemmed from a single company acting in a limited region, so this variant could be interpreted as a best case scenario. Furthermore, we are not aware of technologies that would make it possible to detach old EPS insulation from buildings economically. More information on several end-of-life options is necessary to identify the best choice for the end of life of building materials [63] , which was not available to us. Comprehensive information becomes even more important if additional environmental impacts like acidification or eutrophication are to be assessed for such bio-based materials [64] .
The complexity of the involved systems made the substitutional approach challenging. Markets do exist for the hemp co-products seeds and shives. However, if the market placement is misjudged, possible side or rebound effects of the multi-product systems might be overlooked.
Under the geographic conditions analyzed in this study, we classified hemp seeds as valuable bird feed that cannot easily be substituted. Globally, other markets for hemp seed also exist: In Canada for example, hemp seed is mainly grown for human nutrition [65] . Accordingly, different alternative co-production processes would need to be identified if the assessment is done for different geographical regions. We conclude that bioresource usage should always be assessed with a regional focus.
For the second co-product shives, straw was assumed as an alternative bedding material. The market effects of straw use are difficult to anticipate. This is because this agricultural residue is a bioresource which can alternatively be used for bioenergy generation; this has already been implemented, for example in Denmark (approx. 5 TWh in 2012) [66] . If more straw is used as energy feedstock, there might be an even higher demand for straw substitutes on the animal bedding market.
Alternatively, hemp shives can be burned instantly instead of being credited with straw. The calorific values of hemp shives and straw can be assumed to be similar (18.8 vs. 18.7 MJ¨kg´1 dry matter) [67] . Their incineration would accordingly yield similar energy credits with regard to mass, but land demand of the biomaterial strategy might be different.
Ongoing research is examining further marketable options for hemp fiber co-products. For instance, technologies are being proposed to increase the marketable share of shives and short fibers for technical applications [68] . This would increase the credits obtained for shives by the strategy.
However, from the information available at present, we considered that the assumption that straw substitutes for hemp shives in animal bedding, is the most appropriate one.
Nevertheless, we believe our discussion above clearly indicates how the complexity of the involved bioresource systems makes the substitutional approach challenging.
Excluded Effects
In different climatic regions, an identical insulation might yield lower CO 2e benefits depending on the initial thermal insulation state of the building [69] . Thermal comfort ranges of inhabitants as well can have an important impact [70] . We neglected this due to our assumption that the buildings have the same initial thermal insulation state and are situated in the same climate. As already stated in Section 2.1.3, we excluded heating and cooling demand from the analysis because its equality in both systems is the functional unit that allows comparing both usage strategies.
The excluded scaling effects concern the assumed parity between material and energy use of bioresources. At higher emission taxes, bioelectricity was found to be more beneficial in terms of absolute emission reduction than the use of biomass as feedstock for bulk chemical production [64, 71] . This was because of the large size of the electricity sector and, on the other hand, higher leakage effects for the non-energy use of biomass. We did not implement such cross-sector effects here.
To allow scaled up and geographically broader assessments in the future, we believe it is necessary to implement regional aspects (for example policy instruments-incentives, regulations, sanctions- [72] , yield levels, supply chain networks, waste handling) and to adapt assumptions to market developments in order to consider leakage effects adequately. Additionally, a dynamic approach could improve how sequestration effects are represented in the bio-as well as the fossil materials [73] . This includes temporary carbon storage in biomaterials as suggested by Jørgensen et al. [74] .
Our study focused on environmental impacts and did not analyze social and economic effects. In the future, comprehensive data might be available for social sustainability assessment, for example from the Social Hotspots Database (SHDB) [75] , to facilitate data collection even in complex systems as those under study here. For an even more complete picture of the sustainable resource use of land and fossil fuels, also explicit economic assessments were to be wished for. At the moment, economic impacts are only implicitly considered, for example in the discussion of reference systems or iLUC effects.
There are other aspects that are difficult to assess: bioresource cultivation can be associated with changes in the agricultural landscape or agricultural management practices with complex effects on, amongst others, soil quality, diversity of agriculture [76] , or economic opportunities for the farmers [77] . We think that such aspects are not reliably detectable with the criteria cropland and fuel demand and GHG emissions used here, and hence we did not take them into account. An ongoing discussion concerns the indirect effects if agricultural commodities are produced. That is, if cropland is grown with another crop and the previously produced commodity is supposed to be grown somewhere else, triggering changes in land occupation and/or production intensities as well in above-and below-ground biomass stocks. Even though uncertainties are still remarkable with regard to the size of land affected, first approaches are available for accounting for the GHG-related effects. These apply additional GHG emission factors per land used [43, 44] . However, we are not aware of such factors for criteria other than GHG, for instance resource demand, which was a main criterion in this study.
Conclusions
Under the assumptions we made, none of the resource usage strategies operated best in all three categories. With a clear focus on sustainable land use, we conclude that a bioenergy strategy would be preferable, whereas a biomaterial strategy would maintain fossil resources. However, scenario analyses indicated to us that improved recycling concepts could make the bioenergy SRC strategy the preferable one in all criteria. Hence, this strategy could be seen as a promising way to exploit additional mitigation potentials in the building sector besides the direct reduction effects of insulations.
For complex production systems, such as the ones exemplarily analyzed in this study, the substitutional assessment approach is challenging and consequently, we strongly advise a combination of criteria for supporting strategy decisions in order to help reduce the impact of uncertainties. In the future, this could be supported by multi-criteria decision making-approaches. Furthermore, we conclude that bioresource systems should be analyzed with a clear regional focus. 
